Abstract. We report preliminary results from a measurement of the angular distributions of DrellYan dimuons produced using an 800 GeV/c proton beam on a deuterium target. No significant cos2φ dependence is found in these proton-induced Drell-Yan data, in contrast to the situation for pioninduced Drell-Yan. The data are compared with expectations from models which attribute the cos2φ distribution to a QCD vacuum effect or to the presence of the transverse-momentum-dependent Boer-Mulders structure function h 1 .
Despite the success of perturbative QCD in describing the Drell-Yan cross sections, it remains a challenge to understand the angular distributions of the Drell-Yan process. Assuming dominance of the single-photon process, a general expression for the DrellYan angular distribution is [1] dσ dΩ ∝ 1 λ cos 2 θ μ sin 2θ cos φ ν 2 sin 2 θ cos 2φ (1) where θ and φ denote the polar and azimuthal angle, respectively, of the l in the 681 dilepton rest frame. In the "naive" Drell-Yan model, where the transverse momentum of the quark is ignored and no gluon emission is considered, λ 1 and μ ν 0 are obtained. QCD effects [2] and non-zero intrinsic transverse momentum of the quarks [3] can both lead to λ ¡ 1 and μ ν ¡ 0. However, λ and ν should still satisfy the relation 1 ¢ λ 2ν [1] . This so-called Lam-Tung relation, obtained as a consequence of the spin-1/2 nature of the quarks, is analogous to the Callan-Gross relation [4] in Deep-Inelastic Scattering.
The first measurement of the Drell-Yan angular distribution was performed by the NA10 Collaboration for π £ W at 140, 194, and 286 GeV/c, with the highest statistics at 194 GeV/c [5, 6] . The cos 2φ angular dependences showed a sizable ν, increasing with dimuon transverse momentum (p T ) and reaching a value of ¤ 0¥ 3 at p T 2¥ 5 GeV/c. The Fermilab E615 Collaboration subsequently performed a measurement of π £ W Drell-Yan production at 252 GeV/c with broad coverage in the decay angle θ [7] . The E615 data showed that the Lam-Tung relation, 2ν 1 ¢ λ , is clearly violated. The NA10 and E615 results on the Drell-Yan angular distributions strongly suggest that new effects beyond conventional perturbative QCD are present. Brandenburg, Nachtmann and Mirke suggested that a factorization-breaking QCD vacuum may lead to a correlation between the transverse spin of the antiquark in the pion and that of the quark in the nucleon [8] . This would result in a non-zero cos 2φ angular dependence consistent with the data. Several authors have also considered higher-twist effects from quark-antiquark binding in pions [9, 10] . However, the model is strictly applicable only in the x π ¦ 1 region while the NA10 and E615 data exhibit nonperturbative effects over a much broader kinematic region.
More recently, Boer pointed out [11] that the cos 2φ angular dependences observed in NA10 and E615 could be due to the k T -dependent parton distribution function h § 1 . This so-called Boer-Mulders function [12] is an example of a novel type of k T -dependent parton distribution function, and it characterizes the correlation of a quark's transverse spin and its transverse momentum, k T , in an unpolarized nucleon.
To shed additional light on the origins of the NA10 and E615 Drell-Yan angular distributions, we have analyzed p d Drell-Yan angular distribution data at 800 GeV/c from Fermilab E866. There has been no report on the azimuthal angular distributions for proton-induced Drell-Yan -all measurements so far have been for polar angular distributions [13, 14] . Moreover, proton-induced Drell-Yan data provide a stringent test of theoretical models. Finally, the validity of the Lam-Tung relation has never been tested for proton-induced Drell-Yan, and the present study provides a first test.
The Fermilab E866 experiment was performed using the upgraded Meson-East magnetic pair spectrometer. Details of the experimental setup have been described elsewhere [15] . An 800 GeV/c primary proton beam with up to 2¨10 12 protons per 20-second beam spill was incident upon 50.8 cm long cylindrical stainless steel target flask containing liquid deuterium.
The detector system consisted of four tracking stations and a momentum analyzing magnet. From the momenta of the μ Fig. 1 shows that λ is consistent with 1, in agreement with previous studies [13, 14] , while μ and ν deviate only slightly from zero. This is in contrast to the pion-induced Drell-Yan results, in which much larger values of ν are found. It is also interesting to note that while E615 clearly establishes the violation of the Lam-Tung relation, the NA10 and the p d data are largely consistent with the Lam-Tung relation.
In summary, we report preliminary results from a measurement of the angular distributions of Drell-Yan dimuons for p d at 800 GeV/c. The pronounced cos 2φ azimuthal angular dependence observed previously in pion-induced Drell-Yan is not observed in the p d reaction. The Lam-Tung relation, found to be strongly violated in pion-induced Drell-Yan, remains largely valid for p d Drell-Yan. These results put constraints on theoretical models that predict large cos 2φ dependence originating from QCD vacuum effects. They also suggest that the Boer-Mulders function h § 1 for sea quarks is significantly smaller than for valence quarks.
